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Abstract
This thesis deals with structural dynamics modeling and simulation in time domain of
helicopter blades for computational aeroelasticity. A structural model and an aeroelastic
model are provided and a computer program has been developed and tested in this
research. In the structural model, second-order backward Euler method is used to
discretize the nonlinear intrinsic formulation for the dynamics of rotating blades in time.
Newton method is used to solve the resulting nonlinear algebraic equations. The solution
describes the displacement field, stress and strain field at each time step of twist
composite hingeless or articulated rotor blades under the action of arbitrary external loads.
Results are validated by experimental data and other numerical simulation work for
various conditions. Then the aerodynamic model implemented via the GENUVP code is
integrated with the structural model to form an aeroelastic simulation. The aeroelastic
analysis is realized in time domain by exchanging information with two interfaces and
performing consecutive aerodynamic and structural time steps. In the aeroelastic analysis,
the steady state of a fixed wing at different flight speeds have been obtained and results
are consistent with other methods. The time response of the active twist rotor (ATR)
prototype blade in hover has also been examined. The twist response of ATR blade due
to applied piezoelectric actuation is obtained and the result compared with published
results. A good qualitative agreement between the present aeroelastic solution and
reference results was obtained. However, quantitative discrepancies were encountered
that strongly suggest that further improvements on the coupling between the two codes
are needed. For all the aeroelastic test cases using the GENUVP code, no sub-iterations
within a time step was used. A study considering a simple quasi-steady aerodynamics
indicated that a sub-iteration in each time step may be critical to the accuracy of the final
aeroelastic result. Recommendations for further work is provided at the end.
Thesis Supervisor: Carlos E. S. Cesnik
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The helicopter impulsive noise can severely restrict the usage of rotorcraft in both
civilian and military operations. This noise has two aerodynamic sources [1]. One is
the compressible flow field due to high tip Mach number on the rotor's advancing
side. It is called high-speed impulsive noise. The other is the unsteady pressure
fluctuation on the rotor blades due to interactions with vortices generated by
preceding blades. It is called blade-vortex interaction (BVI) noise, which is known as
the most annoying noise source for residential community. A considerable amount of
research over the decades on BVI noise has substantially improved the physical
understanding of its generating mechanisms. And several design concepts have been
presented and investigated to control the BVI noise. In recent years, many
applications of active control methods are being attempted to reduce helicopter rotor
BVI noise and vibrations [2]. These active control devices include higher harmonic
blade pitch control (HHC), individual blade control (IBC), and active twist control.
Some of these devices have been tested and significant mid-frequency noise
reductions of 5-6 dB have been reported [3].
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However, the accurate prediction of the unsteady airloads and resulting
aeroacoustics is required in order to further increase the flexibility of input control
variables. To satisfy this demand, the location of the wake and the strength of the
vortical elements should be predicted accurately. And the precise and flexible control
of input variables also requires accurate prediction of the dynamic response of the
blade. Both of these requirements forms the basis of a numerical simulation for the
analysis of the BVI noise. Therefore, the numerical simulation of the BVI noise
control requires the combination of a nonlinear dynamics of moving beams and high-
resolution prediction of the unsteady flow.
The motivation of this thesis is to provide an elementary numerical simulation
tool for BVI noise reduction control for helicopter rotors. It is part of an ongoing
collaboration between Carleton University (Prof. F. Nitzsche) and the University of
Michigan (Prof. C. E. S. Cesnik).
1.2 Previous Work
Regarding the structural modeling, some research has been done in the mixed
variational formulation for dynamics of moving beams. Hodges [5] has presented a
nonlinear intrinsic formulation for the dynamics of initially curved and twisted beams
in a moving frame. It has been integrated with the finite-state dynamic inflow theory
for aeroelastic stability analysis of hingeless composite rotors in hover, Ref. [7] (a
detailed history of the mixed variational formulation for dynamics of moving beams is
also presented there). In Ref. [8], an asymptotical formulation is presented to analyze
multi-cell composite helicopter rotor blades with integral anisotropic active plies. A
linear two-dimensional analysis over the cross section and a geometrically non-linear
beam analysis along the blade span were used to take into account the presence of
distributed actuators. It is an extension of the exact intrinsic equations for the one-
dimensional analysis of rotating beams considering small strains and finite rotations
and takes into account the presence of distributed actuators. In Ref. [6], frequency
response characteristics of the active twist rotor (ATR) blades and the dynamic
characteristics of ATR blades are investigated analytically and experimentally.
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In Ref.[9], the development of computational schemes for the dynamic
analysis of non-linear elastic systems based on the displacement-based formulation is
presented. The beam formulation is geometrically exact as in Ref. [5]. This scheme is
based on time-discontinuous Galerkin approximations. A high frequency numerical
dissipation is also obtained in this scheme [9]. The multi-body dynamics code
DYMORE developed by Bauchau and co-workers is the realization of this
formulation. It has been integrated with the aerodynamics of Peters and He [10] for
aeroelastic simulation of helicopter rotors. The elements in the multi-body dynamics
code involve rigid bodies, composite capable beams and shells, and joint models [11].
With proper definition of a multi-body model such as a rotor blade system, the static,
dynamic, stability, and trim analyses can be performed on the model. In Ref. [12], the
multi-body dynamics code is modified to perform the analysis of integrally twisted
active rotor system during forward flight.
1.3 Present Work
The objective of this thesis is to provide a time-domain structural simulation of a rotor
system to be used in a tightly-coupled computational aeroelastic solver. This will be
ultimately used to study BVI noise reduction control for helicopter rotors. The mixed
variational formulation based on exact intrinsic equations of motion for dynamics of
moving beams and the general unsteady vortex particle aerodynamic theory [4] are
integrated together to form an aeroelastic model for analysis of rotating blades in time
domain.
In the structural model, an asymptotical analysis takes the electromechanical
three-dimensional problem and reduces it to a set of two analyses: a linear analysis
over the cross section and a nonlinear analysis of the resulting beam reference line.
The nonlinear 1-D global analysis considering small strains, finite rotations, and
effects of embedded piezocomposite actuators used by Shin and Cesnik (based on
Ref. [5]) is solved in the time domain. After the finite element discretization in the
space domain, a set of first-order ordinary differential equations is obtained. To get
the time integration results, second-order backward Euler method is used to discretize
17
in time. And Newton method is used to solve the nonlinear algebraic equations. The
solution describes the displacement field, stress and strain field at each time step.
The aerodynamic model is implemented via the GENUVP code: GENeral
Unsteady Vortex Particle code [4]. It is a tool for high-resolution prediction of
unsteady flow for multi-component configurations such as helicopters and wind
turbines. It was developed at the National Technical University of Athens (NTUA),
Greece, and it has been modified at Carleton University, Canada [24]. The domain
decomposition concept is used in this model. The flow field is decomposed into the
near-field and the far-field. In the near-field, the regions close and around the solid
boundaries are contained and the far-field contains the wakes of the different
components. Appendix C presents a summary of the formulation's main features.
For the aeroelastic solution, the structural and aerodynamic modules are
coupled together by two interfaces: one communicates aerodynamic loads to the
structural model; the other communicates structural deformations and rates of
deformation to the aerodynamic model. The aeroelastic analysis is realized in time
domain by performing consecutive aerodynamic and structural time steps.
To validate the result of the present approach, results of related analyses and




In this structural model, an asymptotic analysis takes the electromechanical three-
dimensional problem and reduces it to a set of two analyses: a linear analysis over the
cross section and a nonlinear analysis of the resulting beam reference line.
The nonlinear 1 -D global analysis considering small strains, finite rotations, and effects
of embedded piezocomposite actuators is solved in the time domain.
2.1 Mixed Formulation for Dynamics of Moving
Beams with Actuators
The nonlinear 1 -D global analysis considering small strains, finite rotations, and effects
of embedded piezocompostite actuators used by Shin and Cesnik [6] is based on the
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mixed variational intrinsic formulation for dynamics of moving beams originally
presented by Hodges [5], and implemented by Shang and Hodges [7].
The notation used here is based on matrix notation and is consistent with the
original work of Hodges [5] and Shin [12]. Some steps of the original work are repeated
here to help understanding the mixed variational intrinsic formulation for dynamics of
moving beams with actuators.
Three frames used by the mixed formulation for dynamics of moving beams are
shown in Fig. 2-1. The global frame named a with its axes labeled ai, a2 and a3 is
rotating with the rotor. The undeformed blade reference frame is named b, with its axes
labeled bi, b2 and b3, and the deformed blade reference frame is named B with its axes
labeled B1 , B2 and B 3.
Using transformation matrices, any arbitrary vector U represented by its
components in one of the frame may be converted to another frame.
UB = CBaUa ,Ub = CbaUa (2.1)
where Ca is the transformation matrix from frame a to frame B, and C&a is that from
frame a to frame b. C'a contains the unknown rotation variables, while C&a can be








Figure 2-1: Global reference frame a, undeformed beam reference frame b and
deformed beam reference frame B
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The variational formulation is derived from Hamilton's principle, which can be
written as
t, I
ff[(K -U)+ SW lxidt = SA (2.2)
t, 0
where tj and t2 are arbitrarily fixed times, / is the length of the beam, K and U are the
kinetic and potential energy densities per unit length, respectively. SA is the virtual
action at the ends of the beam and at the ends of the time interval, and 6W is the virtual
work of applied loads per unit length.
The variation of the kinetic energy terms is with respect to the linear velocity
column vector VB and angular velocity column vector QB respectively. The velocities are
all measured in the deformed blade frame B. The variation of the potential energy terms
is with respect to the generalized strain column vectors y and K. The force and moment
strain vectors y and K are measured in the undeformed blade frame b.
Following Hodges [5], the partial derivatives of U and K are identified section
stress resultants and momenta resultants
FB = , MB aK)
PB = , HB = (2.3)
B VB J HB
where FB and MB are the internal force and moment column vectors and PB and HB are
the linear and angular momenta column vectors. The subscripts indicate the frame which
the measure numbers are obtained from. The first element of FB is the axial force and the
second and third elements are shear forces in the deformed frame B. Similarly, the first
element of MB is the twisting moment and the second and third elements are bending
moments.
The geometrically exact kinematical relations defined in Ref. [7] are given as:
y = CBa (Cbae ±u)-e
21





B (ba T +BaO a(2.4)
+4
where Ua is the displacement vector measured in the a frame, 9 is the rotation vector
expressed in terms of Rodrigues parameters 9, = 2e, tan(a /2) which are defined in terms
of a rotation of magnitude c about a unit vector e=eibt, el is the unit vector [1, 0, 0 ] TI A
is the 3 x 3 identity matrix, Va and Wa are the initial velocity and initial angular velocity of
a generic point on the a frame. da and d are time derivatives of displacement and
rotation. u' and 0' are derivatives with respect to the spanwise curvilinear coordinate.
The rotation matrix C=Cabda is expressed in terms of 9 as following:
OTO ~ 00(1- -)A-0+
C 4 2 (2.5)
4
where W operator converts a column vector to its dual matrix:
0 - 03 02
0, 0 - 0, (2.6)
-02 01 0
To form a mixed formulation, Lagrange's multipliers are used to enforce the
satisfaction of the kinematical equations, Eq. (2.4). Using the rotation matrix C, some
transformations can be performed so that all 5 quantities, displacement and rotation
quantities are measured in global frame a and the strains, velocities, forces and momenta
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are measured in deformed blade reference frame B. Thus, the a frame version of the
variational formulation based on exact intrinsic equations for dynamics of moving beams
can be obtained as
2bTIadt = 0 (2.7)
where
bTHa = {&u'CTCabFB +Sua[(abPB) aCTCabpB
+ aC T C"TMB aC T Cab(, +Y)FB
+ T[(C T CaHB a CTCabHB + CT CabBB
FT[CTCab( +,Y)_CabeI]_-F aTa
- 9a [C"(el+)C e ]- a Ua
O OOT
- Ma (A ++ )CabK -SM aO
2 4 (2.8)
+T(CTCabVB _Va Ta~>Sa+ 9Pa (CC"B ~a a alla - a 1a
+3Hla (A-+ -)(CTCabCB 
-Oa)2 4
-Ha 0 -aufa -1yr ma}dxi
- aSu a + aSa aa - a 0
In Eq. (2.8), fa and ma are the external force and moment vectors respectively,
which results from aerodynamic loads. And (Sua fa + Syja ma) is the virtual work of the
applied loads per unit length, which is &W in Eq. (2.2).
The a a a ,6terms are boundary values of the corresponding quantities that
depend on the boundary conditions. For example, in the case of a hingeless rotor blade,
tip forces and moments FaMa are zeros and root displacements and rotations Qa, 0 are
zeros. And (U aFa + aMa -T bPa Ga - 5 7 a 0)' are the boundary terms associated0
with the virtual action at the ends of the time interval (9A in Eq. (2.2))
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The generalized strain and force measures, and velocity and momenta measures
are related through the constitutive relations in the following form:
FB T 4 FBa)
=[K] 7- B
MB J K m B(a)
I= [M {B (2.9)(HB fB
where FB(a) and B(a) are actuation forces and moments which depend on the geometry,
material distribution, and applied electric field. The stiffness [K] is in general a 6 x 6
matrix, depending on material distribution and cross sectional geometry. Detailed
expressions for the stiffness and mass matrices and actuation vector can be found in Ref.
[8].
Eq. (2.9) are solved for Y, i, VB and QB as functions of the other measures and
constants in the following forms:




where FB and MB are internal force and moment column vectors which are unknown
variables and the actuation forces and moments FB(a) and MB(a) are given functions of
time. These equations are substituted into Eq. (2.8) with the actuation forces and
moments as control inputs.
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2.2 Finite Element Discretization and System
Equations
Adopting the finite element method by discretizing the space domain of the blade into N
elements, Eq. (2.7) is written as
Nf Idt = 0 (2.11)
where index i indicates the ith element with length dl, MfI, is the corresponding spatial
integration of the function in Eq. (2.8) over the ith element. Due to the formulation's
weakest form, the simplest shape functions can be used. Therefore, the following
transformation and interpolation are applied within each element as presented in Ref. [7]:
'l1d
x = xi + goli , dx = Alid , I d
Ali d
(5ua = S(1 I- g+,, ua =U,
Wa =9V i(1- )+ 41~ i+ 0 =0,
SFa = 5Fi l - )+ SFi F F (2.12)
SMa =Mi(1-)+Mi. MB = M,
SPa =pi PB -P
SHa SHi HB = H
where ut, 69, Fi, Mi, Pi and Hi are constant vectors and all 5 quantities are arbitrary. g
varies from 0 to 1.




-- T T T -T{uTff +3,yif~i+ SFifF ±Mf +P f Hi
i=1
-- T -- T -T -T T
+U uff + 8i,+ 1 fv, + F,f +bM,41fm + Pi+,1f, +H,+1f,} = (i+1 uil +IfH, 1(2.13)
T ~-T~ -T
N+1 FN+1 +5/N+1M N+1 I N+IUN+1 -' N+10N+1
- F, -tSyM, + SF1 uQ + M1 01
where the fu , f,. . ., fu+i1 are the element functions explicitly integrated from the
formulation. There expressions are as follows:
fa =CCFC C" + ' (CTCa p'f
2 2
f c =CCabM, Al CT Cab (+7j + )F
+li (paC "Hi+ C )+_' (CTC"b H j' -mi2 2
AlA Al
fF. ~ u A [C T  ab ab2
fM =0, i (A+--+ -- )CaK
f~ = CTCbJKVa - aUi -di
KA
fH Qi -CabCW a cab!2
4
Al T Alf = C"CTCabF +, 3C&C" CP C -f
Al. A/.
f = C M- C +7)F, bp i+
+ ( HCC" H++ C"H -mi1  (2.14)2 2
Al.
fF _U Al N[CTCab (a Cab
fM+, 6r~ '(A±- )abK
2 2 4
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where f, , f1i+ , m, and mi,+ are the effective nodal load vectors. For example, the
distributed aerodynamic force can be expressed as the effective nodal load vectors using
the relation:
1- = J(1-)fadxi f, = f fadxi,
~ii=Jf(1- )m. dxi, ;W+l = .k/fladxi (2.15)
In Eq. (2.14), the generalized strains 7 K and velocities VB, lB are given by the
constitutive relations, Eq. (2.10). The effects of the embedded anisotropic
piezocomposite actuators come with the expressions of y and K.
Since each S-quantity is arbitrary, Eq. (2.13) yields a set of partial differential
equations that can be written in matrix notation as:
Fs (X,X) - FL =0 (2.16)
where Fs is the structural operator, FL is the load operator, X is the unknown vector
consisting of structural variables. In these equations, the actuation forces and
moments FB(a) and MB (a) are time dependent input parameters associated with Fs.
Explicit expressions of the structural and load operators are as follows:
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In the above, superscripts indicate the element number and subscripts indicate the
node number. It can be seen that the dimension of Fs and FL is 18N+ 12. The components
of the unknown structural variables in X depend on the boundary condition. For a
hingeless rotor blade, Xis organized as
X[F T f-T u[ oT F T
F, M, FJ, MT PT
MN PN
H T
HN +1 N+1 ]
For an articulated blade, there are some modifications of the unknown vector
because of different unknown variables. Specifically, the two internal bending moments
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(2.18)
at the root of the articulated blade are zeros. However, the two bending rotation angles at
the root are not zeros any more and become unknown variables. Therefore, the unknown




where M1 I is the twisting moment at the root of the blade and 002, 003 are the lead-lag
and flap rotations at the root in terms of Rodrigues parameters, respectively.
Consequently, the two internal bending moments M 12 and M 13 are zeros, yielding free
rotation at the articulation hinge.
2.3 Hinge Dampers
In what has been presented before, there is no structural damping in the mixed
formulation for dynamics of moving beams. If damping is needed especially for an
articulated blade, hinge dampers can be added into the formulation by modifying the two
internal bending moments at the root with proper damping coefficients. For example,
M12 = C02002 (2.20)
where M 12 is the internal flap bending moment, Co2 is the flap damping coefficient, and
#02 is the flap angular velocity at the hinge. The flap angular velocity is obtained from
the time derivative of the flap rotation at the hinge point. Similarly, M 13 can be obtained
using the lead-lag angular velocity at the hinge. Then these two terms are used in Eq.
(2.16) as external forces.
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2.4 Finite Difference Discretization and Time
Integration
After the finite element discretization in the space domain, a set of first-order ordinary
differential equations, Eq. (2.16) is obtained. To integrate those equations in time,
second-order backward Euler method [14] is used to discretize Eq. (2.16) in time.
Therefore, the following finite difference discretization is applied at each time step n.
. _ 3P" -4P" 1 +P
2At
3H" -4Hn- 1 + H"-2
2At
. 3u, -4u,"- 1 +u -2
2At
3On -46' t 7 (2.21)
where At is the time step size. Superscripts indicate the time step and subscripts indicate
the node number.
Writing Eq. (2.16) at time step n and using Eq. (2.21), a set of nonlinear algebraic
equations is obtained as
Fs (X")- FL =0 (2.22)
where X" is the unknown structural vector at time step n. Newton method is used to solve
the nonlinear algebraic equations given by Eq. (2.22). The Jacobian matrix can be
derived explicitly by differentiation
aFs (2.23)[J]=[ ] (.3ax
whose expressions are listed in Appendix A.
The solution of Eq. (2.22) describes the displacement field, stress and strain field
at each time step.
30
2.5 Solution Flow
Fig. 2-2 shows the block diagram of the solution process for the structural analysis just
presented.
In the first block of the program, data for the geometry of the blade, time
integration parameters, rotating speed, pitch control information, finite element mesh, and
material properties are input and processed. Appendix B shows a sample case of the
input format. And the actuation forces or moments are input as a function of time. Then
the unknown vector X is defined and the initial values are given.
The next block is the time integration block whose kernel part is the Newton
nonlinear equation solver. First, the external forces or actuation forces at the present time
step are read. After that, the initial velocity, pitch angle, matrix Cab and actuation forces
for each element are evaluated. Then Newton method is used to solve the nonlinear
equations and it is shown in Fig. 2-3. In the Newton solver, the initial guess of the
variables is set equal to the values of last time step. In each iteration in Newton solver,
system equations and Jacobian matrix are calculated. The iteration stops when it
converges and the value of the unknown vector X is obtained and saved. Then, the next
time step begins.
The last block encompasses post processing and output. All the values of the
unknown vector X at each time step are saved. For future aeroelastic integration,




1. The geometry of the blade, time integration
parameters, rotating speed, pitch control
information, finite element mesh, and material
properties.
2. The actuation or external force as a function of
time.
4F
Define the unknown vector X



















Calculate initial velocity, pitch angle, and
matrix Cab for each element at present
time step
Save the value of X
at present time step





In this chapter, structural and aerodynamic models are coupled together by two interfaces:
one communicates aerodynamic loads to the structural model; the other communicates
structural deformations and rates of deformation to the aerodynamic model. The
aeroelastic analysis is realized in time domain by performing consecutive aerodynamic
and structural time steps.
3.1 Model Overview
Fig. 3-1 gives an overview of the active aeroelastic model. The aerodynamic model is
implemented via the GENUVP code: GENeral Unsteady Vortex Particle code [4]. It is a
tool for high-resolution prediction of unsteady flow for multi-component configurations
such as helicopters and wind turbines. It was developed at the National Technical
University of Athens (NTUA), Greece, and it has been modified at Carleton University,
Canada. Further information about the unsteady aerodynamic code is presented in
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Appendix C. The structural model is the finite element representation described in
Chapter 2. Performing consecutive aerodynamic and structural time steps, the aeroelastic
analysis is realized in the time domain. There are two coupling interfaces between the




Aerodynamic module- Structural module-





Figure 3-1: Active aeroelastic model overview
36
3.2 Aeroelastic Coupling Interfaces
Fig. 3-2 shows the aeroelastic coupling. Rotor geometry and structure, flight conditions,
and active control are inputs to the aerodynamic and structural components. There are
two coupling interfaces defined: one communicates aerodynamic loads to the structural
model; the other communicates structural (blade) deformation and rates of deformation to
the aerodynamic model. The outputs are rotor flow field, aerodynamic loading, structural
deformation, trim conditions, acoustic field, and hub vibration.
AERO OUTPUT
INPUT COMPONENT *ROTPUT





conditions & LOADING dfrmation
'Trim conditions





Figure 3-2: Aeroelastic solver
In order to minimize interpolation error, coincident spanwise meshing is used in
the aerodynamic and structural components as shown in Fig. 3-3.
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structural mesh aerodynamic panels
Y
Figure 3-3: Coincident spanwise meshing
In the aerodynamic component, effective angle of attack is calculated at each
spanwise station and viscous correction is applied using 2D airfoil data. Then the
distributed aerodynamic loads calculated from the aerodynamic module are used to
calculate concentrated loads applied at each structural node. With the aerodynamic loads
applied, two kinds of deformation data are calculated in the structural module. Rigid
body motion is calculated at the hinge point and elastic deformation is obtained at each
blade point by subtracting the rigid body motion from the total deformations. Then for
the aerodynamic module, rigid body feedback is applied as body motion, elastic
deformation is used to alter aerodynamic mesh shape and the rate of elastic deformation
alters aerodynamic system boundary conditions.
3.3 Solution Flow
A general active aeroelastic rotorcraft code capable of modeling various rotors is
developed. FORTRAN 77 is used for programming. Matlab is used to generate the
Jacobian matrix symbolically. The Numerical Recipes' LU decomposition subroutines
[15] are used to construct the linear equation solver.








N_BLADE Number of Blade
No
Calculate Rigid and Elastic





Figure 3-4: Block diagram of the aeroelastic code
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In the first block of the program, data for the geometry of the blade, time
integration parameters, rotating speed, pitch control information, finite element mesh,
active control parameters and material properties are input and processed.
In the time integration block, the aerodynamic code is called to perform the aero
potential calculation and aero wake calculation. Distributed loads calculated from the
aerodynamic code are converted to concentrated loads and transferred to the structural
code. In the aerodynamic and structural components, different global frames are used as
shown in Fig. 3-5. Frame A is the global frame in the aerodynamic module and frame a is
the global frame in the structural module. Therefore, the aerodynamic forces calculated
in frame A in the aerodynamic component should be transformed to frame a when they
are applied to the structural component. With the aerodynamic loads, the deformations of
each blade are obtained using the structural code and are separated into rigid and elastic
deformation. These data are transferred from frame a to frame A and then are used in the






Figure 3-5: Global frames in the aerodynamic (A) and structural (a) solutions
In the post-processing and output block, the rotor flowfield, aerodynamic loading,
and structural deformation are saved to different files for plotting.
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3.4 Solution Process
In the aeroelastic analysis of the rotating blades, the calculation is separated into two
steps: one is the steady analysis of the rotating blade in vacuum; the other is the dynamic
analysis of the blade in air.
The steady analysis is derived from the dynamic analysis by eliminating the time
derivative terms in all the structural equations. It can be used to calculate the steady state
of blades under any kind of loading and the steady state of blades at any rotating speed.
When calculating the steady state of rotating blades, the rotating speed should be given as
a ramp function in order to get convergent results.
The deformations, internal forces and moments, and momenta of a rotating blade
in vacuum are obtained by the steady state analysis. They are used in the dynamic
analysis (with aerodynamic loads) as the initial rotating condition input.
In summary, the response of a rotating blade to aerodynamic loads is obtained
using the following two-step solution.
1. Steady analysis: calculates the deformations, internal forces and
moments, momenta of a rotating blade in vacuum
2. Dynamic analysis: calculates the dynamic response of rotating blades to
aerodynamic loads, using the results obtained from the steady analysis as its
initial condition.
In the dynamic analysis, the blades are rotating at their full speed at the first
structural time step. This is due to the initial condition of the steady state of blades being
that of rotating at their full speed. However, in the aerodynamic component, the rotating
speed should be increased from zero to the full speed. This is to avoid suddenly applied
aerodynamic forces, which may result in large numerical blade oscillations.
3.5 Time Step Size
The time step sizes in the aerodynamic and structural modules can be defined separately.
If they are the same, the two components exchange data at every time step using the
interfaces between them. If the time step sizes used in the two components are different,
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the data exchange does not occur at every time step. For example, if the time step size in
the structural module is larger than that in the aerodynamic one, several time integrations
are needed within the aerodynamic module so to exchange data with the structural
module.
The choice of the time step size for the structural component has two
requirements. First of all, the time step size should be small enough to make sure the
scheme is stable. Secondly, the time step size has to be chosen to yield an accurate and
effective solution. If the time step size is not small enough, the results will have period
elongations and amplitude decays. In general, the numerical integrations are accurate
when At/T is smaller than about 0.01 [16], where T is the smallest modal period of
interest. Usually, only the low frequency responses are important for the analysis.
Therefore, the time step At should be only small enough that the responses in all modes
that are significant to the total structural response are calculated accurately. The other
modal response components may not be evaluated accurately. However, the errors are not
important because the response measured in those components can be neglected. So the




Numerical Validation for Structural
Modeling
In order to validate the structural modeling, a verification study is carried out for static
and dynamic response in vacuum. Results are compared with experiments and other
related analytical methods. Correlations demonstrated the current structural formulation
is correctly implemented and ready to be integrated into the aeroelastic solver.
4.1 Reference Solution
Two related analytical methods are used as reference solutions in order to validate the
structural modeling presented here: DYMORE [18] and Cesnik and Brown [19].
DYMORE is a finite element-based tool for the analysis of nonlinear flexible
multibody systems [18]. It was developed by Bauchau and co-workers and it is base on
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the exact displacement-based formulation for dynamics of moving beams. It has the
aerodynamics of Peters and He [10] built-in in the code. In DYMORE, a time-
discontinuous integration scheme is used. Presenting high-frequency numerical
dissipation, this scheme has energy decaying characteristics [17]. After proper definition
of a mutibody model such as a rotor blade system, the static, dynamic, stability, and trim
analyses can be performed on the model.
The other analysis method is presented by Cesnik and Brown [19]. A nonlinear
strain-based beam model is used without considering the extensional and shear forces.
The aerodynamic model is the same Peters and He [10]. The structural equations and the
aerodynamic equations are integrated together and presented in a state space format. The
steady state deformation and fully nonlinear time marching of the wing can be obtained
by this model.
4.2 Static Test
Various tests for static response are carried out for different beams, different boundary
condition and different load distribution.
4.2.1 Simple Beam Deflection Test
The length of the beam used in all this set of tests is 1.00 meter. Table 4.1 presents the
material properties of this beam. In all these calculations, the effect of the beam weight
has not been considered.
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Table 4.1: Material Properties of the test beam
Mass per unit span ( kgnf) 0.2
Ixx ( kgm) 1.0* 10-4
Iyy ( kgmn) 1.0* 10-6




K44( Nm 2) 50
K55 (Nm 2) 50
K66(Nm 2) 1.0*103
4.2.1.1 Test case 1
The boundary condition of the beam for Test case 1 is one end clamped and one end
free. The load is concentrated tip force along a3 varying from 0 to 150N as shown in
Fig. 4-1. The comparisons of the tip position at a, and tip position at a3 obtained form
the present model, Ref. [17] model and DYMORE are shown in Figs. 4-2 and 4-3
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Figure 4-2: Comparison of tip position at a, for Test case 1
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Figure 4-3: Comparison of tip position at a3 for Test case 1
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4.2.1.2 Test case 2
The boundary condition of the beam for Test case 2 is one end clamped and one end
free as shown in Fig. 4-4. The load is tip moment along a2 varying from 0 to -90Nm.
The comparisons are plotted in Figs. 4-5 and 4-6. The results are consistent with each
other.
a3 1 U= tn -OAhm
Figure 4-4: Beam model for Test case 2
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Figure 4-6: Comparison of tip position at a3 for Test case 2
4.2.1.3 Test case 3
The boundary condition of the beam for Test case 3 is one end clamped and one end
free as shown in Fig. 4-7. The loads are tip force along a3 varying from 0 to 150N
and force along a3 in the middle of the beam with the value of -150N. The
comparisons are plotted in Figs. 4-8 and 4-9. The three results overlap.
a3t F=-150N F=O to 15ON
Im
Figure 4-7: Beam model for Test case 3
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Figure 4-8: Comparison of tip position at a, for Test case 3
Figure 4-9: Comparison of tip position at a3 for Test case 3
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4.2.1.4 Test case 4
The boundary condition of the beam for Test case 4 is one end clamped and one end
free as shown in Fig. 4-10. The loads are evenly distributed force along a3 varying
from 0 to 1 OON/m. The comparison is plotted in Fig. 4-11. The results obtained from
present model overlap those obtained from DYMORE.
a3 L F=O to lOON/m
Im al
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Figure 4-11: Comparison of tip position at a3 for Test case 4
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4.2.1.5 Test case 5
The boundary condition of the beam for Test case 5 is simply supported at both ends
as shown in Fig. 4-12. The load is at the middle of the beam with the value from 0 to
1 OOON. The comparison displacement at the middle of the beam is plotted in Fig. 4-
13.
a3
F=0 to 1 OOON/m
Figure 4-12: Simply supported beam model
Figure 4-13: Comparison of displacement (m) at the middle of the beam for Test case 5
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4.2.2 Composite Beam Deflection Test
This group of beams taken from the experiments of Ref. [20] are made of AS4/3501-6
Graphite/Epoxy. There are two different laminates: [0"/900]3s (LI) and [450/0"]3s (L2),
both with length 0.56 m; the rectangular cross section has a horizontal dimension of 0.3m.
Their stiffness constants were reported in Ref. [21] and are reproduced in Tables 4.2 and
4.3.
Table 4.2: Stiffness of LI
K1 1 (N) 0.3412*107









K44 (Nm 2) 0.4096
K45 (Nm 2) 0.9864*10
K55 ( Nm2) 0.5297
K6 (Nm 2) 0.2628* 104
The displacements for this beam are measured at a station 0.5m from the root. As
shown in Figs.4-14, 4-15, the displacements using the present model for laminates LI and
L2 correlate very well with the experiment from Ref. [20]. It can be seen that the vertical
displacement at the tip when the maximum load is applied is about 30% of the beam
length. And from Table 4.3, it can be seen that beam L2 has bending-twist coupling. It
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shows that the formulation and numerical procedure perform very well for composite
beams with large deformation.
Figure 4-14:Tip Displacements for a [0/9013s beam with its root at 450
Figure 4-15:Tip Displacements for a [45/0]3s beam with its root at -45"
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4.3 Dynamic Test
Various tests for dynamic response are performed for different beams, hingeless or
articulated boundary conditions, and nonrotating and rotating cases. Most of the
comparisons are conducted between the present model and DYMORE.
4.3.1 Test case 1
Test case 1 is a nonrotating beam with different tip dynamic forces along a3 as shown in
Fig. 4-16. The material properties of this beam are shown in Table 4.1. The time step size
used for the time integration in DYMORE and present model is 1.0*10-sec.
a3 F
im 0 a,
Figure 4-16: Beam model for Dynamic Test case 1
Figs. 4-17 to Fig. 4-20 present the comparisons of tip displacements, tip rotations,
root forces and root moments when the applied force F is 10sin2Ot.
Figs. 4-21 to Fig. 4-24 are when the applied force F is l0sin50t. The first natural
bending frequency of this beam is 55.6Hz which is close to the excited frequency 50Hz.
Therefore, the beating phenomena can been seen from Fig. 4-16 to Fig. 4-19.
Figs. 4-25 to Fig. 4-38 are when the applied force F is 10sin55.6t. The excited
frequency is equal to the natural frequency that results in resonance. Hence, it can be seen
that the response of this case is unstable.
All the results are consistent with the solutions obtained from DYMORE.
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Figure 4-17: Tip displacements (m) comparison for F=Osin2Ot
Figure 4-18: Tip rotations (degree) comparison for F=Osin2Ot
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Figure 4-19: Root forces (N) comparison for F=Osin2Ot
Figure 4-20: Root moments (Nm) comparison for F=Osin2Ot
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Figure 4-21: Tip displacements (m) comparison for F= Osin5Ot
Figure 4-22: Tip rotations (degree) comparison for F=10sin50t
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Figure 4-23: Root forces (N) comparison for F Osin5Ot
Figure 4-24: Root moments (Nm) comparison for F=Osin5Ot
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Figure 4-25: Tip displacements (m) comparison for F=10sin55.6t
Figure 4-26: Tip rotations (degree) comparison for F=10sin55.6t
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Figure 4-28: Root moments (Nm) comparison for F=10sin55.6t
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4.3.2 Test case 2
Test case 2 deals with the nonrotating beam used in Ref. [17]. It is a 2.4-m long uniform
straight beam articulated at the root, so as to allow rotation about the a2 axis, and free at




Figure 4-29: Beam model for Dynamic Test case 2
The applied load consists of a triangular pulse tip load, starting at t--0, peaking at
t-0.0025 and terminating at t-0.05s, with 1000N peak components in both the a2 and a3
directions as shown in Fig. 4-30.
61
Figure 4-30: Tip force applied in both the a2 and a3 directions for Dynamic Test case 2
Table 4.4: Material Properties for Dynamic Test case 2
mass per length 1.60920 k gm
Ixx 1.19092*10~ kg m
Iyy 8.60200*10-4 kg m
Izz 1.10490*10-2kg m
K11 (extension) 4.35080* 10' N
K22(Shear Stiffness in a2 direction) 1.40385*107 N
K33(Shear Stiffness in as direction) 2.80769*1 0b N
K44 (twist) 2.80514*104 Nm2
K5s (flat bend) 2.32577*104 Nm2
Kas (chord bend) 2.98731*105 Nm2
The results are consistent with the results by energy decaying method in Ref. [17] and the
results obtained from DYMORE. The time step size used for the time integration in
DYMORE and present model is 1.0*10~3sec. Figs. 4-31 and 4-32 present the comparisons
of root transverse shear force and root torsional moment. These results indicates that the
accuracy of the numerical procedure of the present model and its high frequency
numerical dissipation characteristics are similar to the energy decaying method used in
Ref. [17].
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Figure 4-31: Root transverse shear forces (N) for Dynamic Test case 2
Figure 4-32: Root torsional moment (Nm) for Dynamic Test case 2
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4.3.3 Test case 3
Test case 3 consists of a rotating beam clamped at the root and with a tip force along a2
as shown in Fig. 4-33. The time step size used for the time integration in DYMORE and
present model is 1.0*10-3sec. The rotating speed is 70 rad/s. The material properties of




Figure 4-33: Beam model for Dynamic Test case 3
Figs. 4-34 to 4-37 present the comparisons of tip displacements, tip rotations, root
forces, and root moments with the applied tip force of 1 Osin20t. Some differences can be
seen in the tip displacement along a, and root force along a,. This is due to the different
capability of high frequency dissipation between the two integration schemes. As
pointed out previously, both of these schemes have energy decaying characteristics. In
this test case, it can be seen that the high frequency component dissipates quicker in the
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Figure 4-34: Tip displacements (m) for Dynamic Test case 3
Figure 4-35: Tip rotations (degree) for Dynamic Test case 3
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Figure 4-36: Root forces (N) for Dynamic Test case 3
- Present Model
-------- L ------ --
Figure 4-37: Root moments (Nm) for Dynamic Test case 3
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4.3.4 Test case 4
Test case 4 is the same as Test case 3 but for longer duration. Figs. 4-38 to 4-41 present
the comparisons of tip displacements, tip rotations, root forces, and root moments for
30sec duration. Figs. 4-42 and 4-43 present the zoom in plot of the root force and tip
displacement between 3sec to 4sec. It can be seen that the high frequency component in
present model has been dissipated away by 3sec while it still exists in DYMORE. And
Figs. 4-44 and 4-45 present the zoom in plot of the root force and tip displacement
between 29sec to 30sec. A phase lag can be seen from both plots. But the period
elongation and amplitude decay are not obvious.
Figure 4-38: Tip displacements (m) for Dynamic Test case 4
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Figure 4-39: Tip rotations (degree) for Dynamic Test case 4
-- DYMORE
- Present Model
Figure 4-40: Root forces (N) for Dynamic Test case 4
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Figure 4-41: Root moments (Nm) for Dynamic Test case 4
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Figure 4-44: Root forces (N) for Dynamic Test case 4 (zoom in)
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Figure 4-45: Tip displacements (m) for Dynamic Test case 4 (zoom in)
4.3.5 Test case 5
Test case 5 is a rotating beam clamped at the root and with a tip force along a3 as shown
in Fig. 4-46. The time step size used for the time integration in DYMORE and present
model is 1.0* 10-3sec. The rotating speed is 70 rad/s. The material properties of this beam
are shown in Table 4.1. Figs. 4-47 to 4-50 present the comparisons of tip displacements,
tip rotations, root forces and root moments for a tip force (F) of 50sin2Ot N. As one can
see, the two results virtually overlap. The only exception is on the axial force component
where there is a maximum difference of less than 2%. The source of this difference is not




Figure 4-46: Beam model for Dynamic Test case 5
- DYMORE
-Present Model
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Figure 4-48: Tip rotations (degree) for Dynamic Test case 5
Figure 4-49: Root forces (N) for Dynamic Test case 5
73
Figure 4-50: Root moments (Nm) for Dynamic Test case 5
4.3.6 Test case 6
Test case 6 is a rotating blade articulated at the root and with a tip force along a2 as
shown in Fig. 4-51. The root offset is 0.1 meter. The rotating speed is 70 rad/s. The time
step size used for the time integration in DYMORE and present model is 1.0*10-3sec. The
material properties of this blade are given in Table 4.1. Figs. 4-52 and 4-53 present the
comparisons of tip displacements, tip rotations with the tip force of 1.Osin2Ot N. The
results of the present model correlate very well with the ones from DYMORE. The





Figure 4-51: Beam model for Dynamic Test case 6
F
Figure 4-52: Tip displacements (m) for Dynamic Test case 6
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Figure 4-53: Tip rotations (degree) for Dynamic Test case 6
4.4 Actuation Test
In this case, ATR prototype blade investigated in Ref. [12] is used. The basic blade
planform and cross section characteristics were reported in Ref. [12] and are reproduced
in Fig. 4-54. Table 4-5 shows the characteristics of the blade. The stiffness and actuation
forcing constants for an active anisotropic beam in its cross section are obtained from a
variational-asymptotical formulation. The detailed information of cross-section analysis
is presented in Ref. [13].
From Fig. 4-54, it can be seen that AFC actuator plies are laid in part of the blade.
For the rest of the blade without AFC actuator plies, the material property is isotropic.
Therefore, different mass and stiffness matrices are needed to define the active and
passive regions of the blade. The corresponding mass and stiffness constants of the blade
are given in Tables 4.6-4.9.
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Figure 4-54: Planform and cross-section of the ATR prototype blade [12]
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Table 4.5: Characteristics of the ATR prototype blade
Table 4.6: Non-zero inertia constants for the ATR prototype blade (active regions)
III ( kgm) 0.6960
122 (kgm) 0.6960
133 (kgm) 0.6960
I ( kgm) 0.3307*10-3
Iss ( kgm) 0.6599*10~5
166(kgm) 0.3241*10-3
Table 4.7: Non-zero inertia constants for the ATR prototype blade (passive regions)
-41
Rotor type Fully articulated
Blade chord (cm) 10.77
Blade radius (m) 1.397
Airfoil section NACA0012
Hinge offset (cm) 7.62
Root cutout (cm) 31.75
Pitch axis 25% chord
Elastic axis 25% chord
Center of gravity 25% chord




155 ( kgm) 2.6626*10-5
166( kgm) 4.9969*104
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Table 4.8: Non-zero stiffness constants for the ATR prototype blade (active regions)
Kil (N) 0.1637*107
K22 ( N) 0.1000*1021
K33 ( N) 0.1000*1021
K44(Nm2) 0.3622*102
K55 (Nm 2) 0.4023* 102
K66( Nm2) 0.1094*104




K44 ( Nm) 5.04357* 102
K55 ( Nm 2) 6.6339*10'
K66 ( Nm2) 1.24499*103
In order to get the frequency response of the ATR prototype blade on the bench
(cantilever boundary conditions), a sine-sweep signal of actuation ranging from 0 to 100
Hz is applied as shown in Fig. 4-55. The time step size used for the time integration in
present model is 2.0*10-4sec. The corresponding tip twist response in time from the
current model is shown in Fig. 4-56. The transfer function is estimated by dividing the
FFT of the twist response by the FFT of the input actuation signal. In Fig. 4-57, the
peak-to-peak tip twist response of the blade is compared with the experimental data from
[12]. Overall, the correlation is very good. The resonant peak is captured around 78 Hz.
It can be seen however that the response of the blade using the present model has more
oscillation than that from the experiment. This may be associated with the fact that the
real structure has certain level of internal damping which helps damping the motion. The
current model has no structural damping.
The CPU time involved in obtaining the results presented in Figs. 4-56 is on the
order of 2h in an Intel Pentium III 800MHz machine.
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Figure 4-55: Active input of twist moment
Figure 4-56: Time history of tip twist angle of the ATR prototype blade on the bench by a sine-
sweep actuation signal
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Figure 4-57: Tip twist response of the ATR prototype blade on the bench
4.5 Performance Benchmark
Table 4.10 presents a comparison of CPU time involved in obtaining the solution of
some of the test cases. All times were obtained in an Intel Pentium III 800MHz machine.
It can be seen that DYMORE runs five to ten times faster than the present
implementation and further work should be pursuit in the future to improve the
performance of the present method to comparable levels.
Table 4.10: Comparison of CPU time
DYMORE Present Model
Test case in Section 4.2.1.4 L.0s 6.7s
Test case in Section 4.3.1 96 s 1195 s





Numerical Validation of the
Aeroelastic Modeling
In order to validate the aeroelastic modeling as shown in Chapter 3, a fixed wing case and
the ATR prototype blade have been used to test and results are compared with other
related analytical methods. The steady state of fixed wing under different flight speeds
has been obtained. The time and frequency response of the ATR prototype blade on
hover condition has also been tested. In these cases, the aerodynamic code GENUVP is
integrated with the structural code using the interfaces. The structural-aero coupled
response obtained from the coupled code is tested. The actuation test of the ATR




In order to validate the aeroelastic modeling, a fixed wing case is run first. The material
properties of the fixed wing used in this test is shown in Table 5.1. The fixed wing is 1
meter long, the semichord is 0.05385 meter, and the root angle of attack is 5'. The air
density is 1.049kg/m 3 . The flight speed tested is ranged from 0 to 40 m/s.
Table 5.1: Material properties of the test fixed wing
Mass per unit span ( kgm-') 0.2363
Ix ( kgm) 0.1117*10-3
Iyy ( kgm) 0
Iz ( kgm) 0.1052*10-3
K11 (N) 1.6284*106
K22 (N) 1.0*1020
K 33 (N) 1.0*1020
K44( Nm2) 37.31
K55 ( Nm 2) 39.38
K66 ( Nm 2) 1037.2
K16( Nm) 750.53
From the aerodynamics theory [23], the lift force per
approximately using the relation as follow:
F = 2cpU 2 ba
length can be obtained
(5.1)
where a is the collective pitch angle or angle of attack, b is the semichord length and
p is the air density.
From the linear elastic theory [22], the tip displacement of the beam loaded with a
distributed force as Fig. 5-1 should equal to
A = FL4 /8EI (5.2)
where A is the tip displacement, EI=K 55=39.80 N.m 2 (Table 5-1), and L is the wing span.
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Figure 5-1: Evenly distributed load on the fixed wing
Therefore, one can use Eq. 5.2 to estimate the linear tip displacement of the fixed
wing. Results from the present code are also compared with the results obtained from the
nonlinear model of Ref. [19]. It can be seen from Fig. 5-2, as expected, that the linear
analytical result of Eq. 5.2 presents a quadratic dependence on the uniform flow speed.
For the highest uniform flow speed considered, an approximately 0.1 5-m wing tip
deflection is obtained. This corresponds to a relative tip deflection of 15% span which
starts exciting geometrically nonlinear effects. Therefore, a discrepancy between the
linear analytical result and the other two results in Fig. 5-2 at high uniform flow speeds is
expected. However, there is a discrepancy between the two nonlinear solutions. Fig. 5-3
presents the time responses for two of the conditions depicted in Fig. 5-2. Results are
obtained by increasing the speed from rest to its maximum speed (in this example, either
30 or 40 m/s). The ramping-up ratios used between the two codes were different, and that
explains the different times required for reaching steady state. As one can see, very good
agreement between the two solvers on the steady state results at 30 m/s. However, error
on the order of 10% is present between the two solutions for 40 m/s. These are in
accordance to the results shown in Fig. 5-2. Even though the aerodynamics comes from
different sources, the steady aerodynamics should be the same. Therefore, possible source
of error resides in the interface between the aerodynamics and structures for the present
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Figure 5-2: Comparison of the fixed wing tip vertical displacement under
different flight speeds
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Figure 5-3: Time responses of wing tip vertical displacement under
different flight speeds
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5.2 ATR Prototype Blade for the Hover Condition
In this test, the tip displacement and rotation of the ATR prototype blade are obtained for
the hover condition. The blade is the same as the one described in section 4.4. The mass
and stiffness constants of the blade are given in Tables 4.6-4.9.
The rotating speed of this rotor is 688 rpm and the collective pitch angle is 80.
The medium density is 2.432kg/m 3. There is -10* built-in pretwist from the root to the
blade tip. The root offset of the blade is 0.0762 m. Only the lead-lag damper was used
and the damping coefficient is 10.0 Nm/(rad/s).
As mentioned in Chapter 3, the aeroelastic analysis of the rotating blades is
separated into two steps: one is the steady analysis of the rotating blade in vacuum; the
other is the dynamic analysis of the blade in air. The deformations, internal forces and
moments, and momenta of a rotating blade in vacuum are obtained by the steady state
analysis. They are used in the dynamic analysis (with aerodynamic loads) as the initial
rotating condition input. In the dynamic analysis, the blades are rotating at their full speed
at the first structural time step. However, in the aerodynamic module, the rotating speed
should be increased from zero to the full speed generally in order to avoid suddenly
applied aerodynamic forces, which result in large numerical blade oscillations. In this
case, the time for the rotating speed to reach full speed is 1.0 second.
Figs. 5-4 and 5-5 present the tip displacements and rotations of the ATR blade in
hover. They show that the blade flaps up and lag back with the aerodynamic forces and
after the full rotating speed is reached, it oscillates a little especially in the twist rotation.
As a first investigation on those oscillations, the fan plot of the ATR prototype
blade from Ref. [6] is used and reproduced in Fig. 5-6. It can be seen that the rigid lag
frequency of the ATR prototype blade at the rotating speed of 688 rpm is approximately
4 Hz, the rigid flap frequency is 12 Hz, and first elastic flap frequency is 30 Hz. Figs. 5-7
to 5-9 present the FFT results of the three tip rotations. The two peaks in the frequency
response of the tip twist as shown in Fig. 5-7 is at 4 Hz and 27 Hz, which are close to the
rigid lag and 1't elastic flap frequencies, respectively. The peaks in the frequency
response of the tip flap are at 4 Hz, 12 Hz and 27.5 Hz, which are around the rigid lag,
rigid flap, and Is' elastic flap frequencies of the ATR blade, respectively. The peak in the
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frequency response of the tip lead-lag rotation is at 4 Hz, which is associated with the
rigid lag frequency.
The most probable cause of these oscillations is a drift on the phase of the loads
and deformations when they are passed back and forth between the structures and
aerodynamics modules. As shown in the block diagram of the present aeroelastic code
(Fig. 3-4), there are no sub-iterations between the aerodynamic and structural
components at each time step. For a tightly-coupled aeroelastic analysis, the sub-
iterations at each time step is required to allow the codes to converge. This must be
addressed in the future.
The CPU time involved in obtaining the results presented in Figs. 5-4 and 5-5 is
1.8 hours in an Intel Pentium III 800MHz machine. The fraction of CPU time used by the
aerodynamic code and structural code was not recorded.
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Figure 5-4: Tip displacements of the ATR prototype blade in hover (At=0.00 1s)
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Figure 5-5: Tip rotations of the ATR prototype blade in hover (At-=0.001s)
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Figure 5-6: Fan plot of the ATR prototype blade [6]
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Figure 5-7: Frequency response of the tip twist rotation of the ATR prototype
blade in hover
Figure 5-8: Frequency response of the tip flap rotation of the ATR prototype blade
in hover
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Figure 5-9: Frequency response of the tip lead-lag rotation of the ATR prototype
blade in hover
5.3 Actuation Test of ATR Prototype Blade for the
Hover Condition
In this case, the same ATR prototype blade was tested for active twist actuation using the
present aeroelastic formulation. Other parameters are the same as the articulated case
showed above. The actuation signal is a sine-sweep signal ranging from 0 to 100 Hz as
shown in Fig.5-10. This actuation twist moment is applied after the full rotating speed is
reached. The time step size used for the time integration in this case is 1.0*10~3sec. The
corresponding tip twist response in trim is shown in Fig. 5-11. The transfer function
estimatied using the same way as in Section 4.4 is shown in Fig. 5-12. The resonant peak
is captured around 76 Hz. Compared with Fig. 4-10 in Ref. [12], which tested the same
blade in the same condition, the resonant peak is higher and the resonant frequency is
also higher than those in Ref. [12]. Since the aerodynamic different is different from the
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two formulations, this may be the cause of the discrepancy. More studies are required to
completely verify this hypothesis.
I I I -- I -.II. .I. .. I . .I. I... I . I . i... .
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Time (sec)
Figure 5-10: Active input of twist moment
I J L £
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Figure 5-11: Time history of tip twist angle in hover by a sine sweep actuation after 1 sec
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Figure 5-12: Tip twist amplitude response of the ATR prototype blade in hover
5.4 Sub-iteration Study
As mentioned before, the sub-iterations at each time step is usually required for a tightly-
coupled aeroelastic analysis. In order to get a sense of how important this sub-iteration is,
a simple aerodynamic model is used (instead of GENUVP) and integrated with the
present structure model for a sub-iteration study.
For comparison, the same ATR prototype blade was tested. All parameters are
the same as in Section 5.2. The lift force is obtained using the following relation:
F = pU 2b2caf,,,,, (5.3)
where b is the semichord length, p is the air density, effective is the effective angle of
attack, U is the linear velocity defined as:
U=a *r (5.4)
where o is the rotating speed and r is the radius in the middle of each element.
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IThe effective angle of attack is obtained from
a,=ffec+ive U +1 - (5.5)U
where 6 is the elastic twist, 6, is the pretwist of each element, and h is the local
velocity in flapping.
Figs. 5-13 and 5-14 present the comparison of the tip displacements and rotations
obtained with and without sub-iteration using the simply aerodynamic lift force. The time
step size used in both cases is 1.0*10-3. Figs. 5-15 and 5-16 are close-ups of Figs. 5-13
and 5-14, respectively. It can be seen from the plots that the sub-iteration case goes to the
steady state much faster with smaller oscillation than the case without sub-iteration. This
indicates that sub-iteration should be investigated in further details for the effective
integration of the present structure model and GENUVP.
The CPU time for the case without sub-iteration is 1.6 hours in an Intel Pentium
III 800MHz machine and for the sub-iteration case is 4.2 hours. This is more than twice
longer than the case without sub-iteration, since three to four sub-iterations were required
to get convergence at each time step in the sub-iteration case. Since the number of
required sub-iterations is aerodynamic formulation dependent, it is expected that the
GENUVP will take even longer.
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Figure 5-13: Tip displacements of the ATR prototype blade in hover using simple lift force
Figure 5-14: Tip rotations of the ATR prototype blade in hover using simple lift force
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Figure 5-15: Tip displacements of the ATR prototype blade in hover using simple lift force (zoom in)
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This thesis presented a time-domain structural simulation of a rotor system to be used
in a tightly-coupled computational aeroelastic solver.
On the structural side, an asymptotical analysis takes the electromechanical
three-dimensional problem and reduces it to a set of two analyses: a linear analysis
over the cross section and a nonlinear analysis of the resulting beam reference line.
The nonlinear 1 -D global analysis considering small strains, finite rotations, and
effects of embedded piezocomposite actuators used by Shin and Cesnik (based on
mixed variational intrinsic formulation of Hodges, 1990) is solved in the time domain.
After the finite element discretization in the space domain, a set of first-order ordinary
differential equations is obtained. To get the time integration results, second-order
backward Euler method is used to discretize in time. Newton method is used to solve
the nonlinear algebraic equations. The solution describes the displacement field, stress
and strain field at each time step.
A computer program has been developed in this research to obtain numerical
solutions to the above problems. This program can be used to generate solutions of
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the static and dynamic responses of curved and twist composite hingeless or
articulated rotor blades under the action of arbitrary external loads.
The developed structural code is integrated with an unsteady vortex particle
code (GENUVP) to form an aeroelastic simulation. The structural and aerodynamic
modules are coupled together by two interfaces: one communicates aerodynamic
loads to the structural model; the other communicates structural deformations and
rates of deformation to the aerodynamic model. The aeroelastic analysis is realized in
time domain by performing consecutive aerodynamic and structural time steps. A
computer program has been developed to realize this aeroelastic modeling with which
aeroelastic problems of fixed and rotating wings can be studied.
In the structural analysis, solutions of the present formulation are validated by
experimental data and other numerical simulation results. The static and dynamic
responses were tested for various conditions as follows:
* Isotropic and anisotropic blades
* Hingeless and articulated blades
* Blades with concentrated and distributed loads
* Active twist rotor with actuation
Of particular interest, the nonlinear accuracy of the method was verified against
DYMORE. However, the present implementation in mixed form requires five to ten
times more CPU time than the displacement-based formulation of DYMORE. This
indicated that considerable improvements to the implementation of the code are
possible and should be pursuit in the future.
In the aeroelastic analysis, the steady state of a fixed wing under different
flight speeds have been obtained and results are consistent with other methods. The
time response of the ATR blade in hover has also been tested, and blade twist as
function of the applied piezoelectric-induced actuation is also investigated. The
rotary-wing results obtained with the aeroelastic code using GENUVP and the present
structural code lack in accuracy when compared to published results, even though
they have good qualitatively agreement. For all these results, a single iteration
between the aerodynamic and structural solvers were conducted at a given time step.
To study the importance of sub-iterations within a given time step, a quasi-steady
aerodynamic model was used in place of GENUVP. The coupling routines were the
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same. The results from this test showed that sub-iterations may be needed to improve
stability and accuracy of the solution.
6.2 Recommendations
Though the modeling and programs show good results for most of the tested cases,
they still need improvements.
" In the aeroelastic modeling, the sub-iterations between the aerodynamic and
structural components at every time step may be required to get more accurate
and stable results. This will increase the computational cost of each time step
in the aeroelastic solution.
e The aeroelastic program is capable of simulating the forward flight cases. To
this end, some effort in the preparation of input files for the aerodynamic
module is needed.
" A theoretical analysis of the scheme used for the time integration of the
nonlinear structural component is desirable. The best scheme to be used on
this problem should present the following characteristics: unconditional
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A Sample Case of the Input Format
This is a sample case of the input file used in the structural model code. This case is
corresponding to the case of the ATR prototype blade for the hover condition which is
described in Chapter 5. If the active control is on, another input file which has the
control value at every time step is required. A MATLAB program which creates the
control input file corresponding to the active input of twist moment in Fig. 4-55 is
included at the end of this appendix.
Basic Input File Format
1 !BOUNDARY CONDITION 0-BENCH,1-HINGE
0 !ACTIVE CONTROL 0-WITHOUT ACTIVE CONTROL, 1-WITH ACTIVE CONTROL
1 !NUMBER OF BLADE
15 !NUMBER OF ELEMENT
5000 !NUMBER OF INTEGRATION TIME STEPS
1.0e-3 !TIME STEP SIZE






































1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 1
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
!INVERSE OF MASS MATRIX FOR ELEMENT 1
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 2
2.54e-00 1 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
!INVERSE OF MASS MATRIX FOR ELEMENT 2
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000





























0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 3
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
!INVERSE OF MASS MATRIX FOR ELEMENT 3
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002
















!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 4
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 4
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 5
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 5
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 6
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 6
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
109
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 7
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 7
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 8
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 8
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 9
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 9
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004










0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000
2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 2.00e+003
MATRIX FOR ELEMENT 10
0.00e+000 0.00e+000 0.00e+00 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
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0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 11
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 11
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 12
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 12
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 13
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 13
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 14
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 14
1.02e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.65e-007 0.00e+000 0.00e+000 0.00e+000
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0.00e+000 0.00e+000 0.00e+000 1.98e-003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 1.50e-002 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 8.03e-004
!INVERSE OF STIFFNESS MATRIX FOR ELEMENT 15
2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 2.54e-001 0.00e+000 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 1.90e+003 0.00e+000 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 3.75e+004 0.00e+000
0.00e+000 0.00e+000 0.00e+000 0.00e+000 0.00e+000 2.00e+003
!INVERSE OF MASS MATRIX FOR ELEMENT 15
Program for Active Control Input File
% This program creates active signal file 'volt.dat'
% It is used as an input file if the active control in the structural code.
% Time range
starttime = 0.0;
end time = 1.0;
% dt
timeint = 2.0e-04;






end freq = 100.;
N = length(tim);
freq_inc = (end freq - start-freq) / N;
freq = startfreq:freq_inc:endfreq;
freq1 = freq(1:N);
















The aerodynamic model is implemented via the GENUVP code: GENeral Unsteady
Vortex Particle code [4]. It was developed at the National Technical University of Athens
(NTUA), Greece, and it has been modified at Carleton University, Canada. It is a tool for
high-resolution prediction of unsteady flow for multi-component configurations such as
helicopters and wind turbines.
The domain decomposition concept is used in this model. The velocity ii is
decomposed as follows:
i(.T, t) = ax,,(.T, t) + 5,wkeT0,t) - i ,,,(.T, t) (C.1I
where iext (J, t) and iiwake (32, t) denote the external flow and wake flow respectively. And
usolid is associated with surface singularity distributions by Green's theorem. Obviously
the rotational part of velocity ii is associated to the wake flow ,,ake (i,t), while the
irrotational part ,solid takes account for the flow induced by moving solid boundaries.
For the rotational part of the flow, Helmhotz decomposition is expressed as volume
convolution of the vorticity. For the potential (irrotational part) aisolid , boundary integral
methods can be used to represent it.
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Boundary Integral Methods are used to approximate the potential part. Two
integral equations are defined for the velocity potential and velocity:
$(0OJ) =-0~(J) 'dS -f p() a dS (C.2)
d(20)= fo-) 34 dS + f() 3 dS (C.3)
S S
where $ is the velocity potential, ii is a velocity field, i is the unit normal to the surface
boundary S with direction towards the flow field D, -and p denote surface distributions
of the jumps of - (sources) and - $ (dipoles) respectively, and 7 which is the surface
av
vorticity defined as f = Vp x i. A zero order BEM is used and sub-grid techniques are
applied to reduce the cost when dense paneling is required.
Vortex blob approximations are used for the wake to reduce the computational
cost. Biot-Savart law gives:
6(i2,t) X(5z - i)
5,wke io, 0t= dDf4ri i . (C.4)
D(t) 0
where D,(t) is the support of vorticity and is decomposed into volume elements
Dco1 (t), j e J(t) to each of which a point vortex is defined. According to Biot-Savart law,
the velocity and the deformation at every blob position are needed for conventional
vortex methods. Convection of free vorticity is carried out in Lagrangian description.
The Biot-Savart law is used in the areas of great importance to make sure the accuracy
and the Particle-Mesh (PM) techniques is applied downstream to reduce the
computational cost.
As for the near-to-far field coupling conditions, the separation is modeled using
the double wake concept. It assumes that the principle consequence of separation is the
formation of a pronounced shear layer. Separation point can be predicted internally or
specified externally. In order to approximate wakes, they are introduced as vortex sheets.
In GENUVP, only the strip of the wake, which was obtained during the current time step,
keeps its "surface" character.
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Cost effective model is achieved by using the domain decomposition concept.
The flow field can be classified either as near-field or as far-field. The near-field is the
region close to the solid boundaries. It contains weak shock waves, boundary layer
regions and the part of the wakes contacting the solid boundaries. The far-field is the
region that contains the different components of the wake. By using grid-free vortex
methods, it is capable of calculating multi-component configurations with the near-field
analysis, all sharing the same far-field analysis.
Above all, the Helmholtz decomposition was used to formulate cost effective
numerical schemes of high resolution for unsteady flow simulation around multi-





What follows shows the source code of the structure code. It is written in FORTRAN 77
and it was tested in SunOS Unix FORTRAN complier and in Digital FORTRAN (former
Microsoft FORTRAN) for Windows 2000.
C
C THE INPUT/OUTPUT FILES
C
C COMMON BLOCKS FILES 'cATRc.f
C ATR_INITIALIZE---INITIALIZE ALL THE VARIABLES
C STRUCTURALCOMPONENT---MAIN PROGRAM FOR THE STRUCTURE CODE
C equations---Caculate Fx
C Jacobi--- Calculate Jacobi matrix
C unknows---Calculat each variable from vector X
C ludcmp2---LU decomposition
C lubksb2---Back substitution
C t---Convert a vector to its dual matrix
C ctlyb---Calculate transpose of C matrix from theta
C CTd---Calculate dCT/dt,dP/dt,dH/dt,du/dt,dtheta/dt using
C finite difference method
C dif---Calculate dCTdot/dtheta
C mm---Multiply of two matrices
C mv---Multiply of matrix and vector
C vv---Multiply of two vectors
C m_m---Plus of two matrices
C v_v---Plus of two vectors
C cross---Convert a column vector to its dual matrix
C OUTPUT--- Output unknown variables to different files for plot
C
117






































C Read Material Properties





















































































double precision Xn(l 8*NCWM+1 2),Xnl (18*NCWM+12)
C FOR ROTATING AND ACTUATION CASE, ACTUATION SIGNAL
C SHOULD BE INPUTED AFTER THE ROTATING SPEED IS REACHED






C PRESENT TIME STEP IN STUCTURAL COMPONENT
write(*,*)i






















C CACULATE TRANSFORMATION MATRIX Cab BETWEEN GLOBAL FRAME a AND



































C Second-order Euler Method




















C GET THE VALUE OF ALL THE VARIABLES FROM THE UNKNOW VECTOR X
call unknows(I,NBLADE)
C Check for convergence
if (ynorm.gt. 1 e-8)then
C Convergence not reached Prepare next iteration









Call lubksb2(Jx, 1 8*NES+ 12,18*NCWM+1 2,inin,Fx)





C Convergence reached AT PRESENT TIME STEP




C SAVE X OF PRESENT TIME STEP TO XWHOLE



















C ADD LEADLAG AND FLAP DAMPER FOR HINGE CASE
if(IP.GE.2)then
dtheta3= (XWHOLE(6,IP-1,N_BLADE)-XWHOLE(6,IP-2,N_BLADE)) / DTs







C SET HINGE TWIST EQUAL TO COLLECTIVE PITCH ANGLE
theta0(1)=PITCHANGLE(IP,NBLADE)
C FOR HINGE CASE, LEADLAG AND FLAP


















PM(3*(i- 1)+j)=X(1 8*(i-1)+1 8+j,NBLADE)
H(3*(i-1)+j)=X(1 8*(i-1)+21+j,NBLADE)
30 continue

























$dOmegadP(j, 1,)*PM(3*(i- 1)+ 1)
$+dOmegadP(j,2,I)*PM(3*(i- 1)+2)
$+dOmegadP(j,3,I)*PM(3*(i- 1)+3)































C SET THE VALUE OF THE LAST TWO TIME STEPS




Hnl (3*(i- 1)+ii)=Xn1 (1 8*(i-1)+2 1+ii)
un(3 *(i- 1)+ii)=Xn(1 8 *(i- 1)+6+ii)
thetan(3 *(i- 1)+ii)=Xn(1 8 *(i- 1)+9+ii)
Pn(3 *(i- 1)+ii)=Xn(1 8 *(i- 1)+ 18+ii)

















call mm(CTCabte ltgama,CTCab(l, 1,i),te ltgama)





call v-v(e 1 gama,e(l, 1),gama(3*(i-1)+ 1))
















































Fx(1 8*(i- 1)+6+kk)=Fx(1 8*(i-1)+6+kk)
$+u(3*(i-1)+kk)-DL(I)/2*(CTCabelgama(kk)-Cabel(kk))
Fx(1 8*(i- 1)+24+kk)=Fx(1 8*(i-1)+24+kk)
$-u(3*(i-1)+kk)-DL(I)/2.0*(CTCabel gama(kk)-Cabel (kk))
Fx(1 8*(i- 1)+9+kk)=Fx(1 8*(i-l)+9+kk)
$+theta(3*(i- 1)+kk)-DL(I)/2.0*eCabkapa(kk)
Fx(1 8*(i- 1)+27+kk)=Fx(1 8*(i-1)+27+kk)
$-theta(3*(i-1)+kk)-DL(I)/2.0*eCabkapa(kk)




















Fx(1 8*NES+6+ii)=Fx(1 8*NES+6+ii)+uN1 (ii)
Fx(1 8*NES+9+ii)=Fx(1 8*NES+9+ii)+thetaN1 (ii)
end do
END












double precision theta 1,theta2,theta3,thetaln,theta2n,theta3n,
$ thetaln1,theta2n1 ,theta3nl






































































































































































call mm(CTCabPdot,CTCab(1,1 ,i),dPdP(l, 1))



























call mm(CTCabdVdH,CTCab(1, 1,i),dVdH(1 ,1,I))
call mm(CTCabdVdP,CTCab(1,1,i),dVdP(1,1,I))















Jxm(1 8*(i- 1)+3+ii, 18*(i- 1)+ 12+jj)=DL(I)/2*CTCabtVtP(ii,jj)







Jxm(1 8*(i- 1)+6+ii, 1 8*(i- 1)+jj)=e(ii,jj)
Jxm(1 8*(i- 1)+24+ii, 18*(i- 1)+jj)=- 1 *e(iijj)
Jxm(1 8*(i- 1)+6+ii,18*(i- 1)+6+jj)=-DL(I)/2.0*CTCabdgamadF(iijj)
Jxm(1 8*(i- 1)+24+ii, 18*(i- 1)+6+jj)=-DL(I)/2.0*CTCabdgamadF(iijj)
132
Jxm(1 8*(i-1)+6+ii, 1 8*(i-1)+9+jj)=-DL(I)/2.0*CTCabdgamadM(iijj)
Jxm(1 8*(i- 1)+24+ii, 1 8*(i-1)+9+jj)=-DL(I)/2.0*CTCabdgamadM(iijj)

































































































































































































C CTd---Calculate dCT/dt,dP/dt,dH/dt,du/dt,dtheta/dt using

















CTdot(l, 1)=(-ddm+theta(3*(i- 1)+ 1)*(theta(3*(i- 1)+ 1)
$ -thetan(3 *(i- 1)+ 1))/dts)*dm-CTR(l, li)*ddm
CTdot(2,2)=(-ddm+theta(3 *(i- 1)+2)*(theta(3 *(i- 1)+2)
$ -thetan(3 *(I- 1)+2))/dts)*dm-CTR(2,2,i)*ddm
CTdot(3,3)=(-ddm+theta(3 *(i- 1)+3)*(theta(3 *(i- 1)+3)
$ -thetan(3 *(i- 1)+3))/dts)*dm-CTR(3,3,i)*ddm
CTdot(1,2)=(-(theta(3 *(i- 1)+3)-thetan(3 *(i- 1)+3))

































































CTdot(2,3)=(-(3 *theta(3 *(i- 1)+ I)-4*thetan(3 *(i- 1)+ 1)






$+thetan_1 (3 *(i- 1)+2))+0.5*theta(3*(i- 1)+3)*(3*theta(3*(i- 1)+1)
$-4*thetan(3*(i- 1)+1)+thetan_l (3*(i- 1)+1))+0.5*theta(3*(i- 1)+1)
$*(3*theta(3*(i- 1)+3)-4*thetan(3*(i- 1)+3)+thetanl (3*(i-1)+3)))
$ /2/dts*dm-CTR(3, 1,i)*ddm
CTdot(3,2)=((3 *theta(3 *(i- 1)+1I)-4*thetan(3*(i- 1)+ 1)
$+thetan_1 (3*(i- 1)+ 1))+0.5*theta(3*(i- 1)+3)*(3*theta(3*(i- 1)+2)
$-4*thetan(3*(i- 1)+2)+thetanl (3*(i- 1)+2))+0.5*theta(3*(i- 1)+2)































































dfhdtheta(l, 1)= 1.0/2.0*thetal *(thetal -thetaln)/dts
$ +(1+1.0/4.0*thetal**2+1.0/4.0*theta2**2
$+1.0/4.0*theta3**2)/dts+1.0/4.0






















$ *thetal **2*(theta3-theta3n)/dts+1.0/2.0*(1+1.0/4.0*thetal **2
$ +1.0/4.0*theta2**2+1.0/4.0*theta3**2)*(theta3-theta3n)/dts
dfhdtheta(2,2)=- 1.0/4.0*theta2*theta3*(thetal -thetaln)







$ +1.0/4.0*theta3*theta1 *(theta3-theta3n)/dts+1.0/2.0*(1+1 .0/4.0
$ *theta1**2+1.0/4.0*theta2**2+1.0/4.0*theta3**2)*thetal/dts
dfhdtheta(3, 1 )= 1.0/4.0*thetal *theta2*(thetal -thetaIn)
$ /dts+1.0/2.0*(1+1.0/4.0*thetal**2+1.0/4.0*theta2**2
$+1.0/4.0*theta3**2)











$ /dts- 1.0/4.0*thetal *theta3*(theta2-theta2n)/dts+1.0/2.0
$ *theta3*(theta3 -theta3n)/dts+(1+1.0/4.0*thetal **2+1.0/4.0
$ *theta2**2+1.0/4.0*theta3**2)/dts
dCTdot(1, 1, 1)=((-(thetal- 1.0/2.0*thetaln)/dts

























































$ +thetai *(thetal -thetaln)/dts)*theta3+1.0/2.0
$*theta3*(i.0/2.0*thetai




$ *(theta3- 1.0/2.0*theta3n)/dts)/(1+ 1.0/4.0*theta1**2
$+1.0/4.0*theta2**2
$ +1.0/4.0*theta3**2)**2-((-(1.0/2.0*thetaI







$ *(thetal -thetaln)+ 1.0/2.0*theta2*(theta2-theta2n)
$+1.0/2.0*theta3












































$ *(thetal -thetaln)+1 .0/2.0*theta2*(theta2-theta2n)
$+1.0/2.0*theta3


















































$ *theta2-(1.0/2.0*thetal *(thetal -thetaln)+1.0/2.0
$*theta2*(theta2
$ -theta2n)+1.0/2.0*theta3*(theta3-theta3n))/dts-(theta2










$ *(thetal -thetaln)+ 1.0/2.0*theta2*(theta2-theta2n)
$ +1.0/2.O*theta3*(theta3-theta3n))/dts)/(1+1.0/4.0*thetal **2
$ +1.0/4.0*theta2**2+1.0/4.0*theta3**2)**3*theta2























































































































































































































































































































































































































































































































































$ *thetal -4*thetaIn+thetaln I)/dts)*thetal -1 .0/2.0*thetal
$ *(1.0/4.0*thetal*(3*thetal-4*thetaln+thetaln1)+1.0/4.0
$ *theta2*(3*theta2-4*theta2n+theta2nl)+1.0/4.0*theta3


























































































































































































dCTdot(1,3,3)=(((3.OdO/4.OdO*thetal -thetaln+ 1. 0/4.0*thetaln1)/dts























































































































































































































































































$-(1.0/4.0*thetal *(3*thetal -4*thetaln+thetaln1)+ 1.0/4.0*theta2
$ *(3*theta2-4*theta2n+theta2nl)+1.0/4.0*theta3*(3*theta3
$ -4*theta3n+theta3nl))/dts+1.0/2.0*theta2*(3*theta2-4


































































































































































































































































































C DEFORMATION OBTAINED FROM STRUCTRUE CODE IS THE TOTAL DEFORMATION
C INCLUDING RIGID BODY MOTION AND ELASTIC DEFORMATION
C THIS SUBROUTINE SEPERATES THE RIGID DEFORMATION AND









C ELASTIC FEEDBACK DATA AT THE MIDDLE OF EACH ELEMENT






























C CALCULATE AERODYNAMIC FORCES AND MOMENT AT NODES FROM



































$ + FSTRG AD(1,IN_BLADE)*DL(I)/2.ODO
FA(3*(I-1)+2,NBLADE)=FSTRGAD(2,I-1, N_BLADE)*DL(I-1)/2.ODO
$ + FSTRG AD(2,IN_BLADE)*DL(I)/2.ODO
FA(3*(I-1)+3,N BLADE)=FSTRG AD(3,I-1,N_BLADE)*DL(I-1)/2.ODO
$ + FSTRG AD(3,IN_BLADE)*DL(I)/2.ODO
MA(3*(I-1)+1,NBLADE)=PMOMSTRG_AD(1,I-1,NBLADE)*DL(I-1)/2.ODO
$ + PMOMSTRG_AD (1,I,NBLADE)*DL(I)/2.ODO
MA(3*(I-1)+2,NBLADE)= PMOMSTRGAD (2,I-1,NBLADE)*DL(I-1)/2.0DO
$ + PMOMSTRGAD (2,I,NBLADE)*DL(I)/2.ODO
MA(3*(I-1)+3,N BLADE)= PMOMSTRGAD (3,1-1,NBLADE)*DL(I-1)/2.ODO







MA(2,NBLADE)= PMOMSTRG AD (2, 1,NBLADE)*DL()/2.ODO











C BC-=l,Hinge boundary condition; =O,Bench condition
C act-1,active control
C rotate-= 1,rotating;= 1 none rotation
C NCWM--Number of elements
C NTIMERM--Number of time step
C L--Length of the blade
C dt--Time step









C F1--INTERNAL FORCE AT ROOT
C MI--INTERNAL MOMENT AT ROOT
C uNi--DISPLACEMENT AT TIP






C wa--Initial angular velocity
C Cab--Transformation matix from b to a
C Cba--Transformation matix from a to b
C C--Cab*CBa
















$ Fl (3),Ml(3),thetaO(3),uN 1 (3),thetaN 1(3)






















double precision Xwhole(1 8*NCWM+12,0:NTIMERM,NBODTM)
common /Xwhole/ Xwhole

















double precision thetan 1(3*NCWM),thetan(3*NCWM)
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